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Geology

Ductile strain in the overlap zone between the Cordilleran thrust belt
and the Rocky Mountain foreland near Melrose, Montana. (46 pp.)
Director: James W. Sears
The McCartney's Mountain salient is an eastward bulge in the leading
edge of the Cordilleran thrust belt between Dillon and Divide, Montana.
Three major tectonic provinces intersect in this area. Basement uplifts of
the Rocky Mountain foreland are overlapped by the leading edge of the
thrust belt and are crosscut by late Cretaceous intrusive bodies.
Study of cleavage developed in several lithologies, particularly the lower
Mississippian Lodgepole Limestone, clearly indicates that strain increases in
the northern portion of the salient where the thrust belt converges with the
Rochester anticline, a basement-cored structure in the foreland. Cleavage
developed contemporaneously with thrust belt structures, and its spatial
relationship to the Rochester anticline suggests that this foreland structure
influenced its development.
Constraints on the timing of cleavage
development and age dates for the Pioneer batholith on the western margin
of the study area suggest that intrusion of the batholith and deformation
occurred simultaneously. X-ray analysis of clay, conodont color alteration
index (C.A.I.) values, and pétrographie evidence including chlorite growth
along cleavage planes indicate that the most intensely cleaved rocks also
experienced the highest temperatures.
These data suggest that cleavage developed when rocks in the leading
edge of the thrust belt impinged on the Rochester anticline. Because heat
from ongoing intrusion of the Pioneer batholith increased the ductility of
these rocks, they responded to the buttress by cleaving rather than failing
by brittle deformation.
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Chapter 1
Introduction

1.1. General Setting
Near Melrose, Montana, where the Cordilleran fold and thrust belt converges
with a Rocky Mountain foreland uplift. Paleozoic through late Cretaceous rocks
contain an anomalous cleavage. Strongly developed cleavage in the leading edge
of the fold and thrust belt has not been reported elsewhere in the northern Rocky
Mountains.
Three

major tectonic

provinces

intersect

In this

area.

Late

Cretaceous

Intrusive bodies of the southwest Montana plutonic province and the leading edge
of the thrust belt overlap basement uplifts of the Rocky Mountain foreland.

Figure

1-1 illustrates this overlap, unique to southwestern Montana.
My first purpose is to document the extent, nature and geometry of cleavage,
and to establish its age in relation to large scale structures.

Secondly, I will

develop a model for origin of this anomalous cleavage, and in particular try to
place it in a regional tectonic framework with emphasis on the interaction between
the three tectonic provinces.
A brief discussion of each province will help set the regional chronologic and
tectonic scene.

this study

Basement u p l i f t s o f the
Rocky Mtn. foreland
P

Cordilleran thrust belt
Cretaceous and T e r t ia r y plutons

0

Figure 1-1:

km

1.000

Location of study area with respect to the foreland, thrust belt,
and plutonic province. (After Armstrong, 1974)

1.1.1. Foreland Province
The Rocky Mountain foreland from central Montana to Arizona Is broken by
block-style basement uplifts (e.g. Gries, 1983; Smithson and others, 1979; Schmidt
and Garihan, 1983).

Schwartz (1982) and Schmidt and Garihan (1983) provide

convincing evidence that during Late Cretaceous-Paleocene Laramide deformation
Archean

basement

in

southwestern

Montana

was

uplifted

along

high

angle,

northwest-trending faults which were initiated during the Proterozoic and were
influential throughout Paleozoic time.

These faults first formed in an extensional

environment related to the rifting of the Middle Proterozoic Belt basin. During the
Laramide orogeny movement was reverse, bringing up the northeast sides, with
southwest-verging anticlines developed over many of them. Schmidt and Garihan
(1983) identified at least thirty northwest trending faults, spaced six to ten km
apart, which were reactivated within the foreland east of the study area.
Interaction between basement uplifts, the thrust belt, and plutonic province
cannot be understood without considering the relative timing of tectonic activity
within each.
phases

of

The Rocky Mountain foreland was deformed during or after the latest
Sevier thrusting

to

the

west

(Armstrong,

1974).

Tonnsen

(1982)

suggested that late Paleocene or even Eocene syntectonic conglomerates were
deformed by movement along the Gardiner fault north of Yellowstone National
Park. Steidtmann and others (1983) proposed an earliest middle Eocene date for
the last movements of the Wind River fault in Wyoming, and Gries (1983) bracketed
the timing of Laramide uplift in general between Campanian (80 ma) and m id Eocene (40 ma).

1.1.2. Thrust belt
The Cordilleran overthrust belt extends from Alaska to Mexico In a narrow
zone 80 to 200 km wide. It involves Precambrian through Mesozoic sedimentary
rocks which were thrust eastward above a passive basement along a west dipping
decollement during late Jurassic to Paleocene time.

In general, thrust faults step

up section, involving progressively younger rocks eastward (Armstrong and Oriel,
1965; Price, 1981; Wiltschko and Dorr, 1983) and are closely imbricated at the
leading edge of the thrust belt (e.g. Mudge and Earhart, 1980)
Recently, a considerable amount of research has focused on the interaction
between the thrust belt and the Rocky Mountain foreland (Dorr and others, 1977;
Schmidt and O'Neil, 1982; Kopania and Wiltschko, 1985).

In some cases, such as in

the Wasatch Range near Salt Lake City (Bruhn and Beck,1981) slices of basement
blocks were carried in thrust sheets.

In other locations, including this study area,

the geometry of foreland uplifts strongly controlled the nature of the overlapping
thrust belt (e.g. Schmidt and O'Neil, 1981; Dunn, 1983; Brandon, 1984).

1.1.3. Plutonic Province
Cretaceous and early Tertiary granitic plutons occupy a roughly northtrending belt in the western Cordillera (Figure 1-1). In Idaho and Montana there is
a sharp eastward jog in the trace of this belt which brings the plutonic province
and associated volcanic rocks well into the foreland. The majority of these plutons
were emplaced during the Late Cretaceous (Hyndman and others,1986; Schmidt and
others, 1979; Armstrong, 1974), when the thrust belt and the Rocky Mountain

foreland were tectonically active.

1.2. Study Area
The study area is located within the leading edge of the thrust belt just
south of the Helena Salient (Figure 1-2). It encompasses the McCartney's Mountain
salient, a small eastward bulge in the trace of the frontal fold and thrust belt about
50 km long and 16 km wide. Relevant elements of the foreland, thrust belt, and
plutonic belt are labelled in Figure 1-3.

1.2.1. Foreland Elements
In the north, thrust faults and folds of the McCartney's Mountain salient
converge with the basement-cored Rochester anticline in the Dillon block, which
comprises most of the foreland in southwest Montana, and is the northwesternmost exposure of the Archean Wyoming Province This fold is associated with a
northwest trending fault in the Dillon block (O'Neil and Ferris, 1984) which Schmidt
and Hendrix (1981) termed the South Rochester fault.

The Rochester anticline

shares characteristics of other northwest- trending, fault-related anticlines in the
foreland of southwest Montana.

It plunges northwest, verges gently southwest,

and is cored by Archean sillimanite-biotite gneiss (Schmidt and O'Neil,
Ruppel and others, 1983).

1981;

Brandon (1984) made a strong case that development of

the Rochester anticline preceded thrusting since thrusts cut down section into the
basement as they encountered its western limb. More recent strike-slip and normal
faults have truncated the fold on its southern and northeastern sides (Ruppel and
others, 1983; Hanneman and O'Neil, 1986)

Figure 1-2:

Regional tectonic setting
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1.2.2. Thrust belt elements
The Johnson thrust system

on the western

margin

of the

study area

dominates this segment of the thrust belt. It carries rocks of the Proterozoic Belt
Supergroup in the Grasshopper plate over units as young as late Cretaceous. This
thrust system is documented best in the northern portion of the study area, where
it is intruded by rocks of the Pioneer batholith (Pearson and Zen, 1985) and
disrupted by younger high angle faults (Fraser and Waldrop, 1972; Zen, personal
communication, 1984). The Kelly and Argenta thrust faults at the southern end of
the McCartney's Mountain salient may be part of the Johnson thrust system, but
are separated from it by the Pioneer batholith (Brandon, 1984; Pearson and Zen,
1985; Thomas, 1981)
The origin of the McCartney's Mountain salient has been a matter of some
discussion.

Brumbaugh (1973) argued that forcible emplacement of the Pioneer

batholith on the western margin of the salient was its cause.

Brandon (1984) re

examined

He concluded

structural

relationships throughout the

salient.

that

Laramide foreland uplifts north and south of the salient formed a pre-thrust
"scoop-shaped" basement-cover contact. Eastward propagating thin-skinned folds
and thrusts were subsequently localized into this scoop, resulting in the current
configuration.

Brandon's work emphasizes the extent to which the basement

configuration controlled thrusting in this segment of the thrust belt.
A subtle but very important feature of the McCartney's Mountain salient is a
change in structural style from the southern and central portions to the northern
portion. In the south, deformation is dominately brittle.

Thrust faults such as the

Sandy

Hollow thrust

have

stratigraphie

displacements

of

up to

400

meters

(Brumbaugh and Dresser, 1976), and penetrative strain is only weakly developed.
To

the

north,

ductile

deformation

increases

dramatically.

Shortening

was

accommodated primarily by pressure-solution and tight overturned folds rather
than by thrust faults, and cleavage is strongly developed throughout several
lithologies. The primary focus of my discussion is to interpret this change in the
character of deformation.

1.2.3. Plutons
Important Cretaceous plutonic

bodies in the region include the Boulder

batholith, exposed in the Highland Mountains just north of the study area, the small
McCartney's

Mountain

stock in the

east

central

portion

of the

McCartney's

Mountain salient, and the Pioneer batholith, which roughly defines the western
margin of the area.

For this study, the Pioneer batholith is most important

because of its close spatial and temporal relationship to thrust faults in the study
area.
The Pioneer batholith is composed of several plutons ranging compositionally
from gabbro to granite, and emplaced at shallow depths of probably less than 5
kilometers (Pearson and Zen, 1985; Snee, 1978,1982).

Volumetrically, the most

significant of these is the 74.9 m.y. Uphill Creek granodiorite in the eastern Pioneer
Mountains.

The oldest dated stock is an unnamed hornblende gabbro body which

cuts the Argenta thrust at the southern limit of the batholith. Its "^^Ar/^^Ar age is
79.9 m.y. (Snee, 1982; cit. in Pearson and Zen, 1985) A small felsite body in the
northern Pioneers with a K-Ar date of 64.4 m.y.

(Marvin and others, 1983) is the

10

youngest part of the batholith reported. These ages are comparable to those of
other regional batholiths including the Boulder batholith, the Philipsburg batholith,
and the Tobacco Root batholith (Snee, 1978; Robinson and others, 1968; Schwartz,
1982).

1.3. Stratigraphie framework and background mapping
East

of the

Johnson

thrust

Cambrian to upper Cretaceous rocks.
cleavage

development

I

unit about

175

the

stratigraphie

section

Includes

Because of the strong lithologie control on

concentrated

Mississippian Lodgepole formation.
micrite

system,

my

study

principally

in

the

Lower

The Lodgepole is a thin bedded shale and

meters thick (Theodosis,

1956), which

is

particularly

sensitive to cleavage development and permits consistent comparison of strain in
different locations.

It is the lower formation of the Mississippian Madison Group. I

also used the upper Cretaceous Colorado Group and lower Cretaceous Kootenai
Formation to delineate strain intensity, especially where Lodgepole outcrops are
lacking. Figure 1-4 is a generalized stratigraphie column for the area.
I used geologic maps produced by previous workers as base maps for my
work (Figure 1-5). Fraser and Waldrop (1972) mapped the Wise River quadrangle at
the far northern part of the study area. I relied strongly on Brandon's (1983) map of
the McCartney's Mtn salient for a large part of my study.

Smedes (1967) and

Brumbaugh (1973) also mapped portions of the study area. E-an Zen's unpublished
maps of the western part of the area including much of the Pioneer Batholith, and
the published version by Pearson and Zen (1985) served as base maps for that

11

Figure 1-4:

Stratigraphie column for the McCartney's Mountain salient

m e te rs

50 00

4000 -

3000 Bioek eef Fm.

~r~T

[• I

Gran itic intrusive rocks

K o o t e n a i Fm .

Dolomite
.1
Oinooody
&
2000

-

I

L

S()ole

Fm

Conglomerate

PtioeoKorto F I

Chert beds

O u o d r o n l Fm.
A m e d e o Fm.

L im e s to n e
M Ie tlo n
Coeyon
Fm .

cn

L im e s to n e

w/shale i n t e r beds

S a n d s to n e
Ledgepoie Fi

S o n d s to n e
Three Forke Fm.
(0 0 0

Fm.

-

H o e m o rk

Fm

W e i e e y Fm.
Ft oth eo d Fm.

0-

Gneiss

w /sh o ly

p ortin g#

12

portion. The Dillon 2® sheet by Ruppel and others (1984) provided

regional

background.

>6 2 ,0 0 0

Figure 1-5:

Mapping sources

1.4. Independent contribution of this thesis
This study refines the tectonic history of the McCartney's Mountain salient,
and augments understanding of the complex and unique interaction between the
Laramide foreland province, Sevier thrust belt, and late Cretaceous plutonism in
southwestern Montana.

Chapter 2
Cleavage Development

2.1. Introduction
Recent reviews of terminology by Engelder and Marshak (1985), Borraidallle
and others (1982), Powell (1979), and Alvarez and others (1976) have resulted in a
simplified, non-genetic system for describing tectonic cleavage. Sjpaced cleavage
consists of narrow slabs of undeformed rock, called microlithons, separated by
cleavage domains.

Cleavage domains are defined by systematic alignment of clay

or other minerals generally centered around a discrete seam which may be
stylolitic (sutured), wavy, anastamosing, or straight (see Figure 2 - la). The distance
between domains varies from 10 centimeters to .01 millimeters (Powell, 1979). As
strain increases, domain spacing decreases, and grains within microlithons may
also develop a preferred orientation.
penetrative

when

spacing

between

Cleavage

seams

is considered

is less than

.01

continuous

millimeters.

or
In

continuous cleavage the fabric is defined by uninterrupted alignment of platy
minerals, although to some extent this depends on the scale of observation.
Cleavage intensity is more difficult to define.
recommended

classification

of

cleavage

in

pelagic

Lodgepole as weak, moderate, strong, or very strong.
characteristics

of

each

category

of

intensity.

13

My

Alvarez and others (1978)
limestones

such

as

the

Figure 2 - 1b summarizes
terminology

follows

this
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Figure 2-1:

Descriptive characteristics of cleavage.

a.Morphology of solution seams (after Engelder and Marshak, 1985)
b.lntensity classification (after Alvarez and others, 1978)

classification.
Tectonic

cleavage development

is a ductile

process

involving

pressure

15

solution, or dissolution, of the soluble components of a rock, mainly calcite and
quartz (Borraidallle and others,
others,1976).

1982; Fletcher and Pollard,

1981; Alvarez and

As the rock is shortened, cleavage domains develop normal to the

greatest compressive stress (c.f. Spang and others,1979; Engelder and Geiser, 1979)
and the soluble material removed may be redeposited in extension veins normal or
sub-normal to cleavage (Figure 2-2). Ramsay and Huber (1983) give a complete
discussion of this process.

extension

vein

cleavage

domain

m icrolithon
seam (s tylo litic )

Figure 2-2:

Features of cleavage

Rock types vary greatly in their response to stress and susceptibility to
cleavage development.

Water content (e.g. Aspler and Hurdle, 1983; Engelder and

Marshak, 1985), clay content (Alvarez and others, 1976; Engelder and Marshak,
1985), and ambient temperature (Engelder and Marshak, 1985) contribute.
content is probably the most important of these factors.

Clay

Engelder and Marshak

16

(1985) estimate that the presence of at least 10% clay Is necessary to initiate
cleavage.

They suggest that clay may enhance dissolution through its textural

rather than chemical characteristics. In general, empirical evidence suggests that
sedimentary lithologies have the following relative response, listed in order of
increasing resistance to cleavage development;
micritic

limestone,

sandstone,

conglomerate,

mudstone and siltstone, shale,
sparry

limestone,

quartzite,

and

dolomite (Figure 2-3).

dolomite

q u a rtzite

sparry limestone

conglomerate

sandstone

m ic r itic limestone

shale

nuds^one/slltstone

INCREASING SUSCEPTIBILITY TO CLEAVAGE OEVELOPICNT «

Figure 2-3:

Susceptibility of some sedimentary rock types to tectonic cleavage
development

Finally, cleavage must be considered in its relation to map scale structures.
It is usually coeval with other compressive structures, such as folds and thrust
faults.

Cleavage may conform to the axial surface of a fold and change its angle

17

b eddin
bedding

cleavag e

Figure 2-4:

c le a v a g e

Cleavage-bedding relationships

modified after Ramsay and Huber, 1983
a. cleavage which conforms to the axial surface of a fold
is fanned and remains at a high angle to bedding.

b. cleavage which

with respect to bedding,(Figure 2-4a) or it may be fanned around a fold and remain
at a high angle to bedding (Figure 2-4b). These relationships have important
Implications for timing: if it parallels the axial surface cleavage probably developed
contemporaneously; if cleavage is fanned it may have preceded folding. Generally,
as strain increases bedding exerts less control on cleavage orientation; cleavage
refraction, for example, is less significant.

18

2.2. Strain Gradient
Mapping of strain variation and study of thin sections confirm that a distinct
strain

gradient exists within the

cleavage is absent or intermittent.

McCartney's

Mountain

salient.

In the

south

It gradually becomes more conspicuous to the

north, and is intensely developed throughout most lithologies from Trapper Creek
north to at least Canyon Creek (Figures 2 -6 and 2-10), west to the Pioneer
batholith, and east to the Rochester anticline.

Figure 2 -5 is a form line map which

schematically shows the distribution, orientation, and relative intensity of cleavage
in the salient.
tsubsection(Cleavage development in the Kootenai and Colorado )
Clastic rocks of the Colorado Group and Kootenai Formation are widely
exposed between Frying Pan Gulch and McCartney's Mountain and are useful for
analyzing the strain gradient (Figure 2-6). At Frying Pan Basin (location A), in the
southern part of the salient, cleavage is absent from all lithologies. Ten kilometers
north, at Birch Creek (location B), shales and siliceous mudstones contain a spaced,
axial planar cleavage within the hinges of tight folds.
At Sandy Hollow eight kilometers northeast (location C) several lithologies
contain a systematic fabric.

Colorado Group sandstones and an andésite sill have

consistent A-B joints, parallel to axial planes of folds (terminology after Hobbs and
others,

1976),

moderately

and

cleaved,

calcareous
with

nodular shales

cleavage

limestone of the middle Kootenai

wrapping

in the

Kootenai

around

the

is cleaved, although the

limestone which marks the top of the Kootenai is not.

Formation

nodules.

are

Micritic

sparry gastropod

In all of these units the

19

Figure 2-5:

Cleavage Form Line Map
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Figure 2-6: Distribution of Colorado Group and Kootenai Formation in the
McCartney's Mountain salient (mod. from Ruppel and others, 1983)
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orientation of cleavage is consistent with the regional north-northeast structural
grain.

Cleavage

mesoscopic folds.
thrust faults.

is consistently nearly normal to

bedding, and fans

around

In addition to being fanned around folds, cleavage is cut by

Bedding and cleavage for this location are plotted on Figure 2-7a.

Refraction and fanning of cleavage are both important.
Further north, near Brown's Gulch (location D) a weak to moderate spaced
cleavage occurs in Colorado Group sandstone, with cleavage domains spaced at
about 2 centimeter intervals.
to regional structure.

Cleavage zones have a systematic orientation related

This cleavage does not cross cut Individual sedimentary

grains but only affects the matrix.

Cleavage intensity continues to increase to the

north; along Trapper Creek (location E), strong penetrative cleavage is developed in
almost all lithologies. Solution seams cut chert clasts in conglomerates, and
pressure solution along contacts between clasts is common.

Even the normally

recalcitrant Gastropod Limestone Member of the Kootenai Formation contains a
spaced cleavage.

Shales in both the Colorado and Kootenai contain a strong

continuous cleavage, the dominant structural
section.

surface

in outcrop

and in thin

Cleavage in the Glendale area conforms to the axial surfaces of tight,

northeast verging overturned folds, and is coaxially folded along thrust faults.
Figure 2-7b is a pi diagram of bedding and cleavage from near Brown's Gulch;
data for the Glendale area is shown on Figure 2-7c. These data illustrate the close
relationship of cleavage to the structural grain, as well as the diminished influence
of bedding anisotropy where cleavage is more intense.
A significant feature near Trapper Creek is the apparent syntectonic growth
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Cleavage n=55

Bedding n=37

Cleavage n=25

Bedding n=18

Bedding n=172
Figure 2-7:

Cleavage n=230

Pi diagrams for Kootenai and Colorado locations

A. Sandy Hollow; bedding and cleavage are folded together.
B. Brown's Gulch: bedding is broadly folded while cleavage dips steeply
parallel to the axial surfaces of folds
C Trapper Creek (Glendale): folds verge strongly east while cleavage dips steeply.

of sericite and chlorite developed in Kootenai maroon shale, which suggest that
deformation occurred within a low grade metamorphic environment.

Growth of

these minerals occurred on cleavage planes and resulted in light colored spots
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which are generally ellipsoidal. Statistically, the long axes of these spots are
normal to fold hinges, with short axes normal to cleavage (Figure 2-8).
North of the Big Hole River near Dewey (location G), the Colorado and
Kootenai are again widely exposed.

Strain is sharply diminished as compared to

Trapper Creek; cleavage is weakly to moderately developed only in sensitive
lithologies.

1 ■ long axis
1 ■ Intermediate axis
s ■ short axis

Figure 2-8:

Minéralogie spots

a Minéralogie spots In Kootenai shale
b. Sketch showing relationship of spots to cleavage
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2.2.1. Cleavage development in the Lodgepole Formation
More limited exposures of the Lodgepole Formation clearly record the strain
gradient within the salient (Figure 2-9). In the south, near Argenta (location H), the
Lodepole lacks a tectonic fabric although it is tightly folded as well as overridden
by thick thrust sheets along the Kelly and Argenta thrusts.

The Pioneer batholith

truncates the Lodgepole between Birch Creek and Canyon Creek.
North

of

McCartney's

Mountain

is the

southernmost

occurrence

of

a

systematic secondary structural surface in the Lodgepole. Here, in the Camp Creek
outcrop belt, the Lodgepole is continuously exposed along strike for 8 kilometers
(see location on Figure 2-9).
At the south end of the Camp Creek outcrop belt the Lodgepole displays no
penetrative

fabric,

although

weak

cleavage

is

intermittently

developed.

Undeformed microlithons are bounded by clay seams spaced a minimum of 1
centimeter apart.
zone.

Clay seams are stylolitic, and many are surrounded by a selvage

Presumably these

pressure solution.

zones were

depleted

in calcite during

progressive

The fabric at this location is characteristic of weakly developed

cleavage as described by Borradaille (1982) and by Spang and others (1979) who
studied cleavage in the Canadian Banff Formation, equivalent to the Lodgepole.
Figure 2 -1 0 illustrates the fabric in outcrop (2-lO a) and thin section ( 2 - 10b) There
are two sets of stylolites: one strikes 350® and the other, which crosscuts the first,
strikes roughly 330® to 335®.

Calcite extension veins formed during the early

stages of cleavage development and are sub-perpendicular to it.

There are two

sets of these near-vertical extension veins with orientations of 65® and 20®.
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Figure 2-9:

Distribution of Lodgepole Formation in the McCartney's Mountain
salient
modified from Ruppel and others (1983) and Brandon (1984)
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Stereographic plots of cleavage and calcite veins for the outcrop belt demonstrate
their relative orientations (Figure 2-11). Generally, cleavage is consistent with the
overall structural grain.
To the north, increased strain is represented in part by more continuous
cleavage development at outcrop scale.

Sparry parts of the Lodgepole as well as

micritic lithologies pick up a recognizable fabric.
north, cleavage is intensely developed.

At Camp Creek, 6 kilometers

It dominates the fabric at outcrop scale

(Figure 2 - 10c) and is clearly continuous in thin section (Figure 2-10d).

Distinct

clay seams are not as common as to the south; abundant fine clay seams and
flattened calcite grains define the fabric.

Crinoid ossicles were deformed into

ovals or remained rigid while cleavage wrapped around them.

In many cases,

redeposition of unstrained quartz or calcite occurred in pressure shadows around
crinoid stems and other fossil fragments. Cleavage planes are relatively straight or
slightly anastamosing in contrast to the stylolitic fabric of more mildly deformed
rocks to the south.
In the northwestern portion of the study area the Lodgepole Formation is not
as continously exposed. North of the Pioneer batholith at Canyon Creek (location I),
the Lodgepole contains a strong cleavage which has been overprinted by very well
developed brittle kink bands (Figure 2-12).

These kink bands were caused by

progressive failure on the upright limb of an overturned anticline. Individual clasts
of Lodgepole in breccia zones near Canyon Creek (location Br^ on Figure 2 -1 0 ) and
also east at location Brg are cleaved; in the west the breccia itself has a weak
fabric but in the east it does not.

It is clear that most of the shortening in this
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Figure 2-10:

Cleavage development in the Camp Creek outcrop belt

a. Lodgepole outcrop at the south end of the outcrop belt: cleavage is absent
or very weakly developed.
b. Photomicrograph from 3 kilometers north of 2-1 Oa, showing stylolitc cleavage
seam, cleavage domain, and undeformed microlithon
c. Lodgepole outcrop at Camp Creek, 4 kilometers north of 2-1 Ob, showing
strong cleavage development.
d. Photomicrograph from same outcrop as 2 -10, showing continous cleavage.
Cleavage crosscuts calcite vein.

m

m

D
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Figure 2-11:

Pi diagrams for the Camp Creek outcrop belt

A. Bedding dips gently west. 8. Cleavage dips steeply west. C. Calcite veins
are oriented roughly normal to cleavage and parallel to the direction of
tectonic transport. Exceptions probably represent dilation along cleavage
seams.

A.

B-

C.

Bedding n=62

Cleavage n = l 0 3

C a lc ite extension veins n=31
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area was accomodated in a ductile manner, and brittle strain occurred only during
the later stages of deformation. This deformational style contrasts with that of the
southern part of the salient where brittle deformation accounted for most of the
shortening, and some thrusts were subsequently folded (Brumbaugh and Dresser,
1976; Brandon, 1984).

Figure 2-12:

Kink bands at Canyon Creek

Further north, cleavage intensity abruptly diminishes.

The Lodgepole near

Dewey (location J) contains no tectonic fabric except locally near thrust faults. This
decreasing strain mimicks the pattern preserved in the Kootenai and Colorado
formations.
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2.3. Thermal gradient and timing of cleavage formation
To what extent did heat from the Late Cretaceous Boulder and Pioneer
bathollths contribute to the relatively ductile behavior of rocks In the northern
McCartney's Mountain salient?

The relationship between Igneous activity and

deformation Is important not only In Interpreting the origin of cleavage but also in
unravelling the chronology of tectonic events.
Since cleavage affects Late Cretacous Colorado Group rocks, it must be
younger than 97 m.a., the inferred age of deposition of the Colorado Group (c.f.
Thomas, 1981; Ruppel and Lopez, 1983).

Biotite gneiss derived from the Kootenai

formation in the contact metamorphic aureole of the 74.9 + m.a. Uphill Creek
granodiorite (Pearson and Zen, 1985) is evidence that deformation was still going
on at the time that this pluton was intruded.

North, near Dewey, cleavage is

overprinted by the contact metamorphic aureole of a small 76 m.a. (Zen, personal
communication) stock which intrudes a thrust fault (Fraser and Waldrop, 1974); this
is the best constraint for a minimum age of cleavage development.

At Sandy

Hollow cleavage preceded folding; folds and thrust faults are both truncated by the
70 m.a. McCartney's Mtn. stock (Figure 2-13); this is the very youngest possible
age of cleavage. These constraints bracket cleavage development between 97 m.a.
and 70 m.a., and strongly suggest that igneous activity and deformation were
coeval, occurring around 76 m.a..
Pétrographie and analytic data also support a correlation between hotter
rocks and more intense cleavage. Chlorite and sericite growth along cleavage
planes is unique to Trapper Creek, where the most intense cleavage occurs.

The

31

Figure 2-13:

Relative age dates and constraints on the timing of cleavage
development
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Close

relationship

of

mineralogical

"spots"

associated

with

these

low

grade

metamorphic minerals to large and small scale structures suggests that they
developed synchronously with deformation.
Conodont color alteration index (C.A.I.) data provided by Anita Harris and by
Sweet and others (1981) are less conclusive with respect to timing, but do Indicate
that temperatures were considerably more elevated in the northern McCartney's
Mountain salient than in the southern portion.

C.A.I. values near Dillon indicate
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temperatures of about 50 ®C (C.A.I.= 1) but show a dramatic increase to around
350®

(C.A.I.=4.5 -5.5) near Melrose.

Sharkey (1985) conducted x-ray analysis of

clay from the Blackleaf Formation, the lowermost formation of the Colorado Group.
He based his interpretation on the the Kubler crystallinity index (Kubler, 1968),
which correlates increasing illite "crystallinity" with increasing diagenetic grade.
Sharkey's results also confirm a relationship between higher temperatures and
more intense strain in the salient, as illustrated on Figure 2-14, although specific
temperatures cannot be as well pinpointed as with the C A.I.s.
In addition to the constraints on timing and analytic data discussed above,
empirical evidence also suggests that high heat flow was contemporaneous with
thrusting and cleavage development.

Schmidt and others (1985) proposed that the

spacing of folds in the foreland of southwest Montana indicates relatively high
heat flow during Laramide deformation.

Figure 2-14:

Conodont Color Alteration Index (C.A.I) and X -ray data with
respect to cleavage Intensity

.19

V.

'I/®

Values in rectangles » C .A .I, value, corresponding temperature (•€ )
Values in circles » i l l i t e c ry s ta llin ity index (inverse of i l l i t e
peak width)
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Chapter 3
Discussion

Data presented in the preceding section demonstrates that;
1. There is a distinct strain gradient within the leading edge of the fold
and thrust belt in the McCartney's Mountain salient with intensified
cleavage development its most obvious feature. As ductile shortening
gains importance to the north, brittle shortening by thrusting Is
decreasingly significant.
2. Cleavage relates geometrically to the structural grain of the fold and
thrust belt and undoubtedly developed contemporaneously with it.
3. Cleavage is most intense in an east trending band adjacent to the
where the basement-cored Rochester anticline converges with the
thrust belt. The Rochester anticline predates structures of the thrust
belt.
4. Clay mineralogy, conodont color alteration values, and pétrographie
evidence show that the most strongly cleaved rocks also attained the
highest temperatures.

Two possible models might explain these observations: a) the more strained
rocks to the north experienced deeper structural burial than those to the south or
b) increased strain resulted where the fold and thrust belt impinged on a foreland
buttress (the Rochester anticline).
Engelder and Marshak (1985) stressed that deeper burial generates elevated
temperatures and therefore enhances the ductility necessary for rocks to cleave.
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Their estimate for a minimum depth was six kilometers
geothermal gradient of 30® to 50 C®/kilometer.
direct

correlation

between

more

intense

or about 200 - 300 ® for a

Mitraand Yonkee (1985) found

cleavage,

higher temperatures,

increased burial beneath thrust sheets in the Idaho-Wyoming salient.

a

and

Brandon

(1984) suggested that strongly cleaved Lodgepole formation in the Camp Creek
outcrop belt might have been deeply buried by thrust

sheets. Thus,

burial is a

proven factor in the genesis of cleavage.
However, I found no consistent spatial correlation between strong cleavage
development and stratigraphie or structural burial beneath thrust sheets in the
McCartney's Mountain salient.

In fact, in many cases a negative correlation exists

(figure 3-1). For example, the Lodgepole beneath the Kelly and Argenta thrust
faults contains no secondary structural fabric. Near Beal's Mountain klippe, where
Middle Proterozoic Belt rocks of the Grasshopper thrust plate clearly overlie the
Cretaceous section, cleavage in the footwall is moderate.

At Camp Creek, on the

other hand, cleavage is intense although I cannot establish that these rocks
occupied the footwall of any important thrust sheets

There is no evidence that

any of the strongly cleaved rocks in the field area were buried as deeply as
Marshak and Engelder (1985) indicated is necessary for cleavage development;
throughout the salient late Cretaceous rocks are cleaved comparably to lower
Mississippian

rocks

although

they

are

separated

by

over

1000

meters

of

stratigraphy.

After failing to find any systematic relationship which suggested

deeper burial as an explanation for stronger cleavage, I abandoned this theory.
An alternative possibility is that eastward propagating folds and thrust faults
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Figure 3-1:

"Correlation" between cleavage Intensity and estimated burial depth
beneath thrust sheets

encountered a foreland buttress which Impeded transport, affecting the strain
response and possibly the configuration of the leading edge of the thrust belt.
Many studies (c.f. Beutner, 1976; Benvenuto and Price, 1979, Davis, 1983)
which focus on the interaction between the foreland and the thrust belt have
documented the profound Influence of the relatively rigid foreland on deformation
within the leading edge of the thrust belt.

In a "normal" or Idealized thrust belt,

frontal thrusts are carried on a regional decotlement which dips towards the
hinterland at 1 or 2 ®.

A buttress results where this surface is deflected to a

steeper dip by foreland structures.

Foreland buttresses caused tightly Imbricated

thrust faults north of the Helena salient (Bregman, 1976) and rotation of thrust
sheets In the Wyoming thrust belt (Grubbs and Van der Voo, 1976; Kopania and
Wlltschko, 1985).

Paleomagnetic data (Eldredge and Van der Voo, 1986) show
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rotation of thrust sheets near the McCartney's Mountain salient which the authors
interpreted

as

effects

of

a

foreland

buttress.

Schmidt

and

O'Neil

(1981)

documented complex thrust belt - foreland interaction along the northern edge of
the Dillon Block, just north of the study area.

Brandon's (1984) work indicates that

the foreland was extremely influential in the McCartney's Mountain salient as well.
He focused on large scale structures and on basement control of the salient as a
whole. As these regional studies indicate, foreland structures deflected thrust belt
structures wherever the two provinces interacted in and near the study area.
My data

clearly support the

second

hypothesis.

Distribution

of intense

cleavage correlates well with proximity to the basement-cored Rochester anticline
(see Figure 2 -5 , form line map).
right place at the right time.

The Rochester anticline was apparently in the

Shortening of allochthonous rocks in the leading

edge of the fold and thrust belt continued, although eastward transport was
impeded by the western limb of this foreland fold.

The necessary shortening was

accommodated by pressure solution (Figure 3-2).

Cleavage is strongest where

obstruction by the Rochester anticline was most dramatic.
Beutner (1977)

predicted that when

allochthonous

rocks encountered

a

buttress, "stress trajectories would curve to reflect the newly-imposed boundary
conditions".

Successive generations of stylolites (Figure 2-11) and left lateral

tension gash sets at the south end of the Camp Creek outcrop belt may reflect
transport through curved stress trajectories near the Rochester anticline.

Figure

3 -3 illustrates Beutner's model and how it might have produced some of the
features south of Camp Creek.
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Figure 3-2:

Accomodation of shortening

B

[

Schematic illustration of shortening in the southern and northern portions
of the McCartney's Mtn. salient, a. In the south allochthonous rocks were
not restricted by an eastern boundary and were free to propogate east along
thrust faults, b. In contrast, rocks in the north, confined by a buttress,
w ere forced to accomodate shortening internally.

The question remains: why did rocks in the northern McCartney's Mountain
salient respond to a foreland buttress by cleaving?

This response seems to be

unique; in other apparently analogous locations such as in the northern Helena
salient (Bregman, 1976) and in the Wyoming salient (Kopania and Wiltschko, 1985)
allochthonous rocks behaved in a brittle manner .
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B

____ ^

Figure 3-3:

Beutner's model and application to study area

a.Beutner's prediction; stress trajectories reorient into a path normal to a
buttress (from Beutner, 1977).
b. and c. Schematic illustration of generation of two stylolite sets in the
Camp Creek outcrop belt; b As representative rock body is transported towards
buttress, stylolites (solution seams) form normal to
c As rock body
is carried furthur east orientation of
is different, and shortening
is accom modated by a new set of stylolites which crosscuts the earlier set.

This problem is best addressed by considering the local thermal environment
at the time of deformation. Conodont C.A.I. values (Sweet and others, 1979; Anita
Harris, personal communication, 1984) and X-ray analysis of clays, (Sharkey, 1986)
confirm

that the

temperatures,

as

most intensely cleaved
discussed

in the

rocks also experienced the

previous

chapter.

Pétrographie

highest
evidence

including growth of low grade metamorphic minerals on cleavage planes and
concurrent

deformation

of

associated

minéralogie

"spots"

into

ovoid

forms
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consistent with other strain indicators in the rock mass suggest that heating and
cleavage development occurred simultaneously.
In

the

northern

McCartney's

Mountain

salient,

the

heat

necessary

for

cleavage development (200-300®C; Engelder and Marshak; 1985) was generated
not by structural or stratigraphie burial, but by contemporaneous plutonic activity
in the Pioneer and Boulder batholiths. As discussed in the previous section, thrust
faulting and emplacement of the Pioneer batholith probably overlapped in time.
Rocks deforming under these hotter conditions behaved in a ductile rather than
brittle manner as they were transported east by folding and thrusting, and when
they impinged upon the Rochester anticline, they cleaved instead of failing by
brittle deformation as in other thrust belt - foreland encounters.

The constricting

effect of this buttress influenced thrust belt deformation as far west as the Pioneer
batholith.

3.1. Tectonic Implications
As in some other locations along the eastern margin of the Rocky Mountain
thrust belt folds and thrusts near Melrose impinged on a foreland buttress, in this
case the northwest-trending Rochester anticline.

Heat from the late Cretaceous

Pioneer and Boulder batholiths increased the ductility of allochthonous rocks, and
where thrusting against the Rochester anticline coincided in time with the thermal
pulse from these intrusions, strong cleavage developed.

This cleavage is a direct

41

product of the unique Interaction between Late Cretaceous foreland deformation,
thrusting, and plutonic activity. Its existence also emphasizes the contemporaneous
nature of thrusting and Intrusion In southwest Montana and supports Hyndman and
others' (1986) proposition that many important Late Cretaceous plutons In Montana
and Idaho were emplaced In still-actlve thrust zones.
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